Surface and off-surface flow visualization techniques have been used to visualize the three-dimensional separated flows on the NASA F-18 high alpha research vehicle (HARV) at high angles of attack. Results near a = 25" to 26" and a! = 45" to 49" are presented. Both the forebody and leading-edge extension (LEX) vortex cores and breakdown locations were visualized using smoke. Forebody and LEX vortex separation lines on the surface were defined using an emitted fluid technique. A laminar separation bubble was also detected on the nose cone using the emitted fluid technique and was similar to that observed in the wind-tunnel test, but not as extensive. Regions of attached, separated, and vortical flow were noted on the wing and the leading-edge flap using tufts and flow cones, and compared well with limited wind-tunnel results.
INTRODUCTION
In recent years more emphasis has been placed on expanding the envelope of fighter aircraft to include controlled flight at high angles of attack. Fighters such as the F-18 and the F-16 aircraft utilize leading-edge extensions (LEXs) or wing body strakes which provide additional lift caused by the vortical flow these devices develop at a moderate to high angle of attack (l).* However, the prediction and control of this vortical flow and the mutual interactions of the vortices are not well understood. The combined effect of the LEX or wing body strake vortices, as well as the forebody vor-*Numbers in parentheses designate references at end of paper.
tices on the vehicle aerodynamics, must be integrated in a productive manner to avoid any adverse stability and control problems.
Understanding the vortical flow interactions on scale models in wind tunnels can be difficult. Wind tunnel experiments using different scale models have produced conflicting results, even when tested at the same Re'ynolds number (2) . In such subscale-model tests the interaction of the forebody and LEX vortices on 6-and 7-percent-scale F-18 models resulted in apparent lateral stability at both low and high Reynolds numbers for all angles of attack, including ,stall and poststall regions. However, airplane flight data and wind-tunnel results for the large-scale (16 percent) model at low Reynolds numbers indicated a region of instability near maximum lift. This apparent scale effect has still not been resolved. Understanding such scale effects is essential for successful design of future fighters intended to operate at high angles of attack.
NASA is currently conducting a High Alpha Technology Program to provide design guidelines and new concepts for vortex control on advanced, highly maneuverable aircraft at high angles of attack. This program, which utilizes the F-18 copfiguration as a validation and demonstration approach, consists of wind-tunnel tests of subscale and full-scale models and components (3, 4) . calibration for computational fluid dynamics (CFD) technique codes (5-8), piloted simulations, and full-scale flight testing (9-12). The on-surface flow visualization utilized both the emitted fluid technique (9, 13, 14) . as well as flow cones and tufts (11, 15, 16) . With the emitted fluid technique, a small quantity ( w quart) of a fluid, propylene glycol monomethyl ether (PGME), and a toluene-based red dye were slowly emitted out five circumferential rings of flush surface orifices on the F-18 HARV forebody ( fig. 3(a) ) and thrte rows of flush-surface orifices on the left LEX ( fig. 3(b) ) while the aircraft was stabilized at the flight test conditions. As the fluid flowed back along the surface. the PGME evaporated, leaving the dye to mark the surface stnamlincs. This technique required the pilot to stabilize at the test conditions for 75 to 90 sec while the %ME evaporated and the dye set. An uplink guidance system, similar to that dtscribed in (17) . was used to assist the pilot in the task. were taped to the surface of the wing, the vertical tails, and the fuselage with 5-6 in. of tuft protruding from the tape using the technique of (1 1 (9, l l , 12) . 7Ms and flow cones have also been used to observe the surface flow on the wing, LEX, and vertical tails. The off-surface vortical flows from the forebody and LEX have been visualized by injecting smoke from a smoke generation system into the vortex cores (10) (11) (12) .
The information presented compares data at CY = 25" to 26' with data at a = 45" to 49O. and with some comparison to wind-tunnel results. Water-tunnel and flight offsurface flow visualization are used to understand the mechanisms of the surface flow, where possible. At CY = 25 " to 26 O, the aircraft is flying at below maximum lift, the LEX vortex core breakdown is near the LEMeading-edge flap hinge line junction, and the forebody vortices are relatively weak (4). In contrast, at a = 45" to 48", the aircraft is flying beyond maximum lift, the LEX vortex core breakdown has moved far forward on the LEX, and the forebody vortices have become much swnger (4). Thc effect of this fonvard movement of the LEX vortex core breakdown and the stronger forebody vortex system with increasing angle of attack is shown later in this rtport.
The flow visualization data obtained from flight is used as an aid for CFD development and in assisting with the undemanding of the aircraft's basic aerodynamics. Also, the flight results are compared with surface flow visualization from the ground facilities so the differences between flight and various ground facility results may be better understood. OFF-SURFACE FLOW VISUALIZATION -LEX Vortex -Off-surface flow visualization of the LEX vortex using the smoke generation system described in (10-12) is shown in figure 5 for an a = 25.0" and / 3 = -1.4". Smoke is emitted from a 1-in.-diameter port near the LEX apex. The view in this figure is from a 35-mm camera mounted in the wingtip pod looking in at the aircraft fuselage. This flow is very similar to the one shown in the figure 4 water tunnel. A strong vortex is generated by the sharp edge of each LEX, and the vortex core follows a path roughly parallel to the edge. In this case, the smoke marks only the vortex core and not the complete vortex system, which is much larger and extends down to the aircraft surface (4). The trend of the LEX vortex core breakdown point has previously been reported in (4, 10.11). As the angle of attack increases, the vortex core breakdown point moves nearer the LEX apex. For comparison, the forebody vortices were also examined at an angle of attack of , . , 45' where the aircraft was subject to wing rock. Wing rock is the uncommanded, large amplitude, lightly damped rolling motion exhibited by many aircraft and wind-tunnel models at high angles of attack (20-23). For these maneuvers, minimum stick and rudder inputs were requested of the pilot once the aircraft was stabilized at the desired flight conditions. To accomplish this, the pilot centered and held the stick laterally while his feet were off the rudder pedals. Aft stick was required to maintain the desired angle of attack. The figure 8 At cy = 47" (fig. 12) , the secondary vortex separation l i i can be seen near F.S. 85. This indicates a stronger, more fully developed vortex system that forms nearer the apex at at = 47" than at at = 26'.
VEHICLE
The time history of the aircraft conditions corresponding to figure 12 is shown in figure 13 , Both angle of attack and angle of sideslip were not held as constant as the previous example. The standard deviation of angle of attack was 0.7" with maximum deviations of f 1.5 ", while the standard deviation of sideslip was 2.5P with maximum excursion to f 4 " during the first 45 sec. At at = 47", the aircraft was in a mild wing-rock condition. Due to the low effectiveness of the rudders and ailerons at this angle of attack, the pilot was unable to stabilize the aircraft as well, causing the flow streamlines to be smeared.
The separation lines at a = 47O. although smeared, appear to be nearly symmetrical ( fig. 12(b) ). In actuality, the vortices and respective separation lines are most likely moving to the left and right during the maneuver, similar to that shown in figure 8, but to a lesser extent. This causes the apparent separation lines to be much wider than at a = 26 ' . The edges of the wide separation lines are felt to be the limits to which they move. This is most noticeable on the aft portion of the forebody, especially aft of F.S. 142 ( fig. 12(a) ).
Forebody Boundary Layer mansition -Further and more definitive indications of boundary layer transition on the forebody were evident at a = 47" ( fig. 12(a) ). The effect of the boundary layer transition is seen in the closeup view in figure 14 . A large dye puddle is noted extending intermittently from 8 = 240' at F.S. 70 to almost F.S. 109 and 8 = 247", as shown on the left side. Though not presented, symmetrical results were obtained on the left side at 0 = 120" and 113" at F.S. 70 and 109, respectively. These puddles are felt to be the result of a laminar separation bubble (LSB) with boundary layer transition occurring downstream. Note that where screwhead protuberances around the plugged smoker port (that would cause premature transition) are present, this dye puddle did not occur. Also notice that the fluid windward of the laminar separation bubble flowed toward the bubble and the fluid leeward of the bubble flowed away. This indicates that the flow reattached turbulently past the very localized laminar separation bubble and that this is not the primary vortex separation line.
To hrther investigate this phenomenon, selected flush static orifices located forward of F.S. 70 normally used for the flush airdata system (FADS) were connected to the surface flow visualization system and several flights were flown.
The results at 01 = 49 " are shown in figure 15 . A dark line can be seen just behind the port at 8 = 180" at F.S. 60.14, extending just forward of the ports at 8 = 135O and 215" at F.S. 60.71 ( fig. 15(a) ). At F.S. 60.71 ( fig. 15(b) 235" ( h a N 125') ; F.S. 62.5, 240" (120"); and F.S. 70.240" (120"). In the wake of the scftwheads at F.S. 73, the puddling effect is absent, indicating that the protuberances of the screwheads caused boundary layer transition. However, farther aft on the nose cone the puddling effect is again present. The screwhead protuberances around the smoker port at F.S. 89 also caused a transition (also noted in fig. 14) . The fluid seen flowing from the orifices at 90". 1800, and 270" at F.S. 60.71 ( fig. 15(a) and (b)) should be ignored. These orifices were still connected to the pressure transducers. and the fluid apparently entered the orifices during the test point and later ran out.
From the wind-tunnel results of (3), a similar but more extensive laminar separation bubble ( fig. 16(a) ) was noted extending alongside the forebody from the nose apex to beyond the LEX apex F.S. As shown in the forebody pnssure distribution in figure 16(b) from (3 Since this is aft of the LEX, the LEX surface flow should be strongly influenced by the strong. tightly wound vortex over it. A schematic of the flow about the LEX is illustrated in the figure 17(a) figure 17 is a weak reattachment zone. This is illustrated by the concentration of dye at the band edges near F.S. 253 ( fig. 17(b) ) and the slightly divergent streamlines between F.S. 253 and F.S. 296 ( fig. 17@) and (c)). In figure 17(c) , it can be seen qualitatively that the slope of the streamlines toward the secondary vortex separation line is greater than for the tertiary vortex separation line.
Emitted Fluid Technique on LEX, CY = 47" -In figure 18, the LEX surface flow stmmlines are for an a = 47". At this angle of attack, the LEX vortex breakdown point is very near the LEX apex. Even though the primary vortex core has already experienced breakdown, the secondary and tertiary separation lines are still present, although somewhat smeared ( fig. l B(a-d) ). Apparently the vortex still persists for some time after core breakdown, although weaker in svength and dissipating. At least part of the smearing shown in the figure is caused by the mild wing-rock condition previously discussed and shown in figure 13. There were also some interesting striations in the surface flow visualization near F.S. 357 ( fig. 18(d) ) at this angle of attack. This could be due to the helical motion of the secondary and tertiary vortices moving on the LEX. The secondary and tertiary separation lines have also moved significantly outboard at F.S. 357, a = 47'. as compared to 26". The analysis of the still photos presented from flight were supplemented with slow-motion film photography that had been converted to 3/4-in. video tape for analysis.
At a N 20°, the vortex core breakdown was just forward and slightly outboard of the vertical tails. The separation line band similar to that shown by the emitted fluid technique can be identified on the LEX where the tufts merge; however, the tuft spacing was not fine enough to identify the secondary separation line from the tertiary separation line. At a -20' ( fig. 19(a) ), the influence of the LEX vortex system was evident on the inboard portion of the wing. causing the flow to stay attached and the strtamlines, in general, to be dincted outward and aft. Note in the figure that the smoke shows only the vortex core and not the total vomx system. An extensive amount of nversed flow and surface vortical flow was present on the main wing just aft of the leading-edge flap/wing junction. Evidence indicating the presence of three counterclockwise surface vortices can be seen with the tufts near midspan. as shown in the inset. Near the wingtip the tufts indicated that a clockwise surface vortex was present. This interpretation of the wing flow was aided by slow-motion photography filmed at 78 f/s. The view of flow cones on the leadingedge flap ( fig. 19(b) 
SUMMARY OF RESULTS
Flow visualization results of the vortical flow on the forebody leading-edge extensions (LEXs) and wing have bccn reported from thc F-18 high alpha research vehicle (HARV) at angles of attack near 25" to 26" and 45" to 494.
A smoke generator system was used to visualize the offsurface forebody and LEX vortices. An emitted fluid technique was used to show the surface flow streamlines and to identify separation lines on the forebody and LEX. Flow cones and tufts were used to document attached and separated surface flow on the wing, and on portions of the aft fuselage and LEX.
A strong, tightly wound primary vortex was generated by the LEX at CY -25". The vortex breakdown occurred near the LEX/leading-edge flap hinge line junction, and a spiral breakdown was suggested. At CY = 49.5 ", P = -5.1 ", the LEX primary vortex core breakdown point was shown to be near the LEX apex.
The forebody vortex pairs were shown to interact with the LEX vortices and correlated with the LEX vortex core brcakdown position. At CY -25" to 26O and p -0". the forebody primary vortex pair were symmetrical and stable, and were pulled beneath the LEX vortices near the LEmeading-edge flap hinge line junction (very near the LEX vortex core breakdown position). At CY = 45" to 49", aircraft was in wing rock and the forebody vortex pairs were highly transient. At p -0", the forebodyWX vortex interaction was slightly aft of the canopy. As the sideslip value increased, this interaction between the leeward forebody vortex and the leeward LEX vortex moved forward towards the LEX apex and appeared to correlate with the LEX vortex core breakdown position. The windward vortex was elevated at the same time, especially aft of the canopy.
Primary and secondary vortex separation lines were identified on the forebody in flight. The origin of the primary and secondary vortex separation lines was much nearer to the nose apex at 47' than at 26".
A laminar separation bubble was present on the nose cone, particularly at the highest angles of attack and was similar to wind-tunnel results, though not as extensive.
Secondary and tertiary separation lines were indentified on the LEX, even at the highest angle of attack where the primary vortex core breakdown had already occurred. 
